We have investigated the laser ablation of UV transparent materials of PTFE, FEP, quartz and sapphire with a femtosecond-pulsed UV laser at the wavelength of 268 nm. Upon laser irradiation, a fine etching without debris was obtained on the surfaces of PTFE and quartz.
Introduction
Laser ablation on the surface of polymer films has been used to produce morphological microstructures [1, 2] , which improves adhesive bonding, control surface friction, and aligns liquid crystals [3] .
Recently, we have reported the formation of a microstructure containing carbon black on the surface of an elastomer composite (acrylate polymer), upon the laser irradiation with nanosecond-(ns-), picosecond-, and femtosecond-(fs-) pulsed UV lasers [4] . We have proposed a mechanism for this microstructure formation based on the aggregation of carbon-rich debris of the top of the microstructures during ablation. Using an ultrashort UV laser pulse such as a fs-laser, energy coupling into the sample, thermal energy diffusion, and removal of material were different from those induced with ns-pulsed excimer laser pulses. In the ablation of the elastomer composite, the aggregation of carbon particles is likely to be highly influenced by the duration of the laser pulse.
These unique phenomena such as ultra-precision micromachining and multiphotonabsorption-induced material processing have also been observed in the case of polymers [5] [6] [7] [8] [9] [10] [11] , metals [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , glasses [25, 26] , ionic crystals [27] [28] [29] , ceramics [30] [31] [32] [33] [34] , semiconductors [35, 36] , and graphite [37] .
In the present study, we investigated the laser ablation of several UV-transparent materials such as polytetrafluoroethylene (PTFE), tetrafluoroethylene-hexafluoropropylene copolymer (FEP), synthetic quartz, and sapphire by using a UV fs-laser at 268 nm. Although these materials do not have a significant absorption in the UV region, it is expected that multiphoton processes induced by UV fs-laser irradiation is effective for high-precision micromachining of such transparent materials. The laser-irradiated surfaces of these samples were analyzed by optical microscopy. In addiation, vacuum UV absorption spectra of the materials were measured to elucidate the ablation mechanism.
Experimental
Femtosecond laser irradiation was carried out by using a Ti: sapphire laser system (Spectra-Physics; Hurricane) having a regenerative amplifier system and third harmonic generation unit (THG). The THG wavelength, pulse energy, and repetition rate of the laser were 268 nm, 120 µJ • pulse', and 1 kHz, respectively. The pulse duration of the laser at the fundamental wavelength (X= 804 nm) was 130 fs. The laser beam was focused with a plano-convex quartz lens (f= 30 cm) in ambient air.
A PTFE film (thickness: 2 mm), a FEP foil (thickness: 100 µm), a synthetic quartz plate (thickness: 2 mm), and a sapphire plate (thickness 2mm, random cut) were used for samples of the ablation (Fig. 1) .
The surface of the irradiated area on the samples was analyzed with an optical microscope. Averaged etch rate of the PTFE sample was obtained by a calculation with the division of the film thickness by the total number of laser shots to penetrate the film. In addition, VUV absorption spectra of the samples were measured with a vacuum spectrophotometer having a deuterium lamp as a light source (Acton Research Co., Model VUVMS-502, spectral resolution: mm). Optical emission spectrum was taken by a multi-channel analyzer (Hamamatsu, PMA-11) without a time-gating function.
Results and Discussion 3.1. fs-laser irradiation for ablation
The fs-UV laser irradiation at a fluence of 1.6 J • cm 2 • pulse' was performed onto PTFE surface in air. Figure 2 shows optical micrographs on the surface. The formation of a through-hole of the film (thickness: 2 mm) was observed at the laser irradiation for 7 s (= 7x103 shots) in air ( Fig. 2(a) ). There was no debris around the ablation area. 
The results of the curve fitting suggested that multiphoton process of an intense fs-laser pulse induced PTFE ablation.
In addition, it is noted that the breakdown of by is fs-laser obtained ambient air was observed upon the fs-laser irradiation at a fluence over ca. 1.5 J • cm 2 • pule'. Optical emission spectrum of the air breakdown was shown in Fig. 4 . Although scattering of the laser beam was detected at the wavelength of 268 nm and 804 nm as THG and fundamental of the laser, several sharp emission peaks from the air breakdown were monitored in the W and near IR region.
Laser ablation of FEP film at a fluence of 2 J • cm 2 • pulse' provided a fine drilling to make a hole and line, as shown in Fig. 5 . During the laser ablation, a small amount of powder was ejected from the etched region, so that debris and roughness appeared on the irradiated area, as shown in Fig. 5(c) . When an unfocused laser beam with a diameter of ca. 5 mm at the fluence of 0.6 mJ• cm 2 • pulse 1 was incident to the FEP film having a thickness of 100 µm, the beam penetrated through to the film. However, the focused beam of 2 J • cm 2 • pulse' was absorbed into the film to induce ablation process, suggesting a non-linear absorption of an intense laser beam.
A fine etching of quartz plate without debris deposition was also obtained, as shown in Fig. 6 . On the other hand, the ablation of sapphire plate showed that debris remains on the sapphire surface (Fig. 7) . Line-cutting of the quartz and sapphire plates at the fluence of 3 J • cm 2 • pulse 1 fabricated a trench structure on the surfaces, whereas debris still remained around the etched area of sapphire surface.
Although both the plates transmitted an unfocused laser beam, a bright emission was observed at the etched area during the ablation (Fig.  8) .
These emission peaks corresponded to emissions from dangling bonds in the plates which were damaged by the fs-laser ablation. The emission band of the quartz plate at 215 nm was ascribed to an E' color center of aSi • site. In addition, the emission spectra of Fig. 8 were clearly distinct from that of the air breakdown of Fig. 4 , indicating that products from the air at air breakdown did not significantly influence laser-induced drilling. 
Mechanism for fs-laser ablation
The fs-laser irradiation of a focused beam induced multi-photon process due to its high laser power (peak power (=F/t): 15 TW • cm 2 • pulse''). In addition, since these materials have no significant single-photon absorption band at the wavelength around 250 nm, irradiation with a conventional nanosecond KrF excimer laser (X= 248 nm) at a fluence less than 1 J • cm2 • pulse' was no effect for the ablation.
This interpretation for multi-photon process was supported by vacuum UV (VUV) and UV transmission absorption spectra of the materials (Fig.9) . The absorption edges of PTFE, FEP, quartz and sapphire were estimated to be 170 nm, 170 nm, 160 nm, 145 nm, respectively. These spectra indicated that the total energy of two photons at 268 nm corresponded to the energy of an electronic excitation level of the materials. Moreover, thermal properties in fs-regime was also influenced an ablation quality. Thermal diffusion length (L) is related to thermal diffusivity (D) and time (z); [2] L2(Dr)°5. N'(2) Table 1 shows the thermal diffusion length for the materials at different laser pulse durations, based on equation (2) . FEP would show almost the same value of L as that of PTFE because FEP and PTFE possess a similar chemical structure and thermal properties.
In comparison with nanosecond regime, Table 1 shows that the fs-regime had a small diffusion length, suggesting that fs-regime would be suppressed when the photon energy is accumulated into the sample. However, sapphire indicated the highest thermal diffusion length among our samples, so that much debris remained on the etched area.
Conclusion
The laser ablation of UV-tranparent materials was investigated using a fs-laser pulse. The use of femtosecond lasers allows materials processing of practically any material with extremely high precision and minimal collateral damage. These advantages of fs-lasers are very promising for various applications into precise material processing. Fig. 9 Transmission VUV-UV absorption spectra of PTFE film(thickness 5 µm), FEP film (100 µm), synthetic quartz (2 mm), and sapphire (thickness 2mm). 1. Thermal diffusion lengths (L) of PTFE, and sapphire at different time regimes (r).
